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A b s t r a c t  
Oscillations from resonant-tunneling diodes have been observed up 
to 200 GHz, and theoretical estimates predict that device perfor- 
mance should extend into the THz range. This paper addresses the 
issue of the ultimate frequency response and power generation ca- 
pability of these devices. Techniques recently developed to solve 
the time-dependent SchrSdinger equation are used to predict the rf 
power vs. frequency obtainable from resonant-tunneling diode oscil- 
lators, based on the calculated small-signal response. Factors limit- 
ing the rf power generation are considered, and methods for optimiz- 
ing rf power output  from these devices are presented. Also, recently 
obtained dc experimental results for the In.53Ga.47As - In~All_~As 
heterostructure material system grown on InP are presented. Us- 
ing a quasi-static approximation, the rf power available from these 
devices under large-signal conditions is estimated. 
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1 I n t r o d u c t i o n  
Several etimates of the upper frequency limit of resonant-tunneling 
diode oscillators have been published [1]-[4], based upon estimates 
of the tunneling time combined with equivalent circuit models to 
include capacitive charging effects. Some estimates indicate that 
the intrinsic cutoff frequency extends into the THz range, how- 
ever displacement current and circuit impedance limitations may 
reduce the maximum oscillation frequency to several hundred GHz. 
Quantum transport calculations based on the Wigner function [5]- 
[8] and solution of the Schr6dinger equation [9] have also demon- 
strated that  resonant-tunneling devices are intrinsically capable of 
oscillating above 1 THz. Experimentally, oscillations up to 200 GHz 
have been observed [10]-[11] although at disappointing power levels, 
with only a fraction of a microwatt obtained at 200 GHz. Also, 
experimental detection of the current response at 2.5 THz for a 
GaAs-GaA1As diode indicates that the device is still behaving quasi- 
statically at that frequency [12]. 
Since development of resonant-tunneling diodes is still an active 
field of research, it is desirable to theoretically predict the ultimate 
power generating capabilities of these devices and to identify the de- 
vice parameters important in optimizing performance. In this paper, 
two approaches are taken to estimate power generation. The results 
of Section 2 are based on small-signal solution of the SchrSdinger 
equation. In Section 3, large-signal analyses are carried out based 
on the assumption that the device quasi-statically follows the I-V 
curve. Also, a comparison between rf power estimates based on the- 
oretical and experimental I-V curves for a particular structure is 
presented. 
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2 Power  E s t i m a t e s  and D e v i c e  Opti-  
miza t ion  based  on Smal l -S ignal  Cal- 
cu lat ions  
Techniques have been developed to obtain the small-signal response 
of resonant-tunneling diodes from solution of the time-dependent 
Schr6dinger equation [9]. By this method the small-signal complex 
admittance of the device as a function of frequency is calculated. 
By assuming that  at each frequency the device admittance remains 
constant over a finite range of rf voltage, estimates of rf power gen- 
eration vs. frequency are obtained. The advantage of this method is 
that non-stationary behavior is taken into account, i.e. it is not nec- 
essary to assume that  the device quasi-statically follows the dc I-V 
curve. However, this method has so far only been implemented for 
the case without inelastic scattering, and self-consistency has not yet 
been included. Therefore the device equivalent circuit must be aug- 
mented by an estimated device capacitance to account for charging 
currents. 
All the calculations performed in this paper were at room tem- 
perature. Figure la  shows the dc I-V curve calculated for a device 
consisting of two 28~, .25 eV A1.3Ga.TAs barriers surrounding a 
44.9/~ GaAs well, with n + GaAs contact regions doped at 101Scm-3; 
Fig. lb  shows the dc solution for this device at Vdc = .125 V, cor- 
responding to the peak current point in la. This device was biased 
at Vdc - .1615 V, in the center of the negative differential conduc- 
tance region, and the small-signal admittance about this dc point 
was calculated and is shown in Fig. 2a. 
In Fig. 2a, the curves labeled Re{Y} and Im{Y} were calcu- 
lated from the small-signal Schrbdinger equation using the methods 
of Ref. [9]. Note that  below approximately 200 GHz, the device 
negative conductance is nearly constant and is given by the negative 
slope of the dc I-V curve. Even at 1 THz, the negative conduc- 
tance is over half its low-frequency value. This observation provides 
justification for the method wherein it is assumed that the device 
quasi-statically follows the dc I-V curve. However, it should be kept 
in mind that for structures with larger barriers, the small-signal neg- 
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ative conductance rolls off at lower frequencies. The Im{Y} curve 
is a negative or inductive susceptance component.  This is expected 
since the electron motion responds inductively to applied fields [6,9]. 
The wC component  in Fig. 2b was not obtained from the smM1- 
signal analysis but  was added to account for displacement currents. 
The per-unit  area capacitance is given by: 
c = - .  (1)  
D 
The depletion width D used to calculate C was 101A, just the dis- 
tance between the outer edge of the barriers. If self-consistency is 
included the depletion layer is wider than this value, and the power 
estimates become higher. 
Since the data  of Fig. 2a is per-unit area, the device area must  be 
selected to calculate rf power. Also, the magni tude of the rf voltage 
across the device must  be determined. To find the area, we assume 
that  the device is matched to a circuit with resistance RL fL In that  
case, the device area must  be : 
- G  1 
A =  RL G 2 + ( B + w C )  2' (2) 
where the susceptance in Eq. 2 has been divided into the (inductive) 
susceptance B calculated from the small-signal analysis in Fig. 2a 
and the capacitive component  wC added to account for displacement 
currents. From Eq. 2, it is seen that  the device area becomes larger 
as RL is reduced, and since the power scales with device area it is de- 
sirable to reduce the circuit resistance as much as possible. However 
there is a lower limit since eventually parisitic resistances become 
comparable to the desired circuit resistance and not all the rf power 
reaches the load resistance. In the calculations presented here, it is 
assumed that  the min imum achievable circuit resistance is 1 fl, so 
that  the device area will be given by Eq. 2 with RL = 1. Note also 
from Eq. 2 that  it is desirable to minimize the device per-unit  area 
capacitance. 
Having determined the device area, the rf power is given by: 
V. 2 
P r f  = r ]  1 (3)  
2 1 + ' -  ~ , [ ~ ) 2 ,  
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where R L is assumed to be 1 fl and E l  is the peak rf voltage. The 
device efficiency is given by: 
rl = Pdc =--2VdcJdc" (4) 
The rf voltage appearing in Eqns. 3 and 4 is obtained as follows. 
A tangent  line is drawn along the dc I-V curve at the dc operating 
point. The  locations are found where this tangent line reaches the 
max imum and min imum current values on the I-V curve. One half 
the voltage separation between these two points is taken to be V~S. 
For this case, VTS = 14.0 mV was used. 
Fig. 2b shows the results of the rf power calculations just de- 
scribed (solid curve), as well as the device area needed for 1 fl cir- 
cuit matching (dashed curve). It is seen that  over 90 # W  is expected 
from this device up to 400 GHz, rolling off to about 44/~W at 1 THz. 
The efficiency obtained for this case is 3.32 % . 
In order to see how the power generation of the resonant-tunneling 
diode might  be improved, it is instructive to re-cast Eq. 3 in a dif- 
ferent form. If we assume that  the negative differential conductance 
region is linear such that  the current density at the peak current 
point,  Vp, is given by Jp and the valley current at V~ is J~, with 
linear variation between these points, then the conductance per unit 
area is given by : 
- Jp (5) 
G - V~----Z--Vp' 
and the rf voltage is given by : 
1 
= - (6 )  
Subst i tut ing these values into Eq. 3 and taking the high-frequency 
limit, the rf power becomes : 
8w2C 2 8w~C2' 
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where the final approximation is obtained by assuming a high peak- 
to-valley ratio. Therefore to optimize the power generation at high 
frequencies it is necessary to maximize the ratio of peak current to 
the device capacitance. 
One way to increase the device current density is to re-design 
the structure so that the peak tunneling current is obtained through 
the second resonant state in the well, rather than the first. The 
second resonant state tends to be at a higher current density and to 
have a lower peak-to-valley ratio than the first state. This may be 
accomplished by constructing the well from lower band-gap material 
than the emitter [13]. The structure of Fig. 3a differs from that 
of Fig. lb  only in the well region, which is now 67.4~ wide and 
composed of In.25Ga.75As, so that  the bot tom of the quantum well 
at zero bias is 0.11 eV below the GaAs contact conduction band 
edge. An additional advantage of the wider well is that the device 
capacitance is decreased. 
The solution of Fig. 3a is at the peak current point of the I-V 
curve shown in 3b. Note that the peak current density has increased 
from 1.81 x 105A/cm 2 for the previous case in Fig. la  to 2.92 x 
105A/cm 2 for this structure. Since the ground state energy for the 
well is approximately 70 meV from the bottom, this state is "hid- 
den" and the first calculated peak in the I-V curve of Fig. 3b is due 
to resonant tunneling through the first excited state. (The double- 
peaked density in the well characteristic of resonance through the 
first excited state is not clearly visible in this figure because waves 
incident from the right populate the ground state to a higher con- 
centration than the first excited state. However, these waves are not 
transmitted to the left-hand side of the device and do not contribute 
to current flow). Small-signal data obtained for this device is shown 
in Fig. 4a. It is seen that the high-frequency, small-signal response 
of this device is better than the results for the diode of Fig. 1; the 
maximum rf power in Fig. 4b is 257 #W, over twice the previous 
result. The difference at lower frequencies is primarily due to the 
increase in the peak Vrf, which is 22.73 mV for this case. Note that 
the rf power obtainable at 1 THz is substantially improved also for 
this structure. The efficiency obtained for this device is 2.96 %. 
To further improve this device, it is necessary to reduce the device 
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capacitance, or to increase the depletion width. Simply widening the 
A1GaAs barriers to accomplish this would also reduce the tunneling 
current density. However, by using a stepped-barrier structure [14J 
or an i-layer [15] on the collector side of the device, the depletion 
width may be increased without significantly degrading the tunnel- 
ing current. Fig. 5a shows the dc solution at the peak current point 
for a structure obtained from that of Fig. 3 by extending the bar- 
rier on the collector side by 300/~ at an energy below that  of the 
second resonant state. Note from the density profile in the well that  
conduction is via the second state. Comparison of the I-V curve in 
Fig. 5b with that of Fig. 3b shows that the tunneling current is 
not affected by the extended barrier. However, the depletion region 
has been increased to 423~. The rf voltage range in the negative 
conductance region has also been expanded, due to the additional 
voltage drop across the extended barrier. 
Fig. 6a presents the small-signal response calculated for this de- 
vice about the bias point Vdc = .99 V. The maximum negative con- 
ductance is lower than for the previous cases, due to the expanded 
voltage range. However, the power calculation of Fig. 6b shows that 
4.11 mW maximum power is predicted for this device and 2.11 mW 
is still obtainable at 1 THz. The increased power at high frequencies 
is due to the reduced capacitance of the device and at lower frequen- 
cies to the larger V~f swing, 90.7 mV for this case. The efficiency 
obtained is 3.24 %. 
Table 1 summarizes the rf power results obtained at 10 GHz and 
1 THz using the small-signal equivalent circuit. Also shown is the 
Jp/C ratio for each device; from Eq. 7 the square of this quantity is 
directly related to the expected power at high frequencies, which is 
confirmed by the data in Table 1. 
3 Large-Signal, Quasi-Static 
Calculations 
In Sec. 2, the rf voltage range was limited so that the device was 
always operating within the negative differential conductance region 
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of the dc I-V curve. Since the I-V curves often fall sharply in this 
region, this is a severe limitation. It is expected that if this re- 
striction is relaxed, the devices will be capable of generating more 
power. However, it is also expected that the small-signal equiva- 
lent circuit will no longer be applicable. A large-signal, quantum 
mechanical calculation could in principle be performed, although it 
would be time consuming and difficult to implement. In this paper, 
it is simply assumed that under large-signal conditions the device 
quasi-statically follows the dc I-V curve. A sinusoidal rf voltage is 
assumed across the device, and the resulting current waveforms are 
Fourier-analyzed to obtain rf power at the fundamental frequency. 
In addition, a capacitance is added as before to account for displace- 
ment current. 
Each of the devices analyzed in Sec. 2 was biased near the center 
of the negative conductance region, and Vrf was increased until the 
maximum power density point was obtained. The area was again ob- 
tained by assuming 1 ~ circuit matching. Fig. 7 shows the resulting 
rf power and device area curves as functions of frequency, at the Vrf 
corresponding to maximum power density. In Fig. 7a, the original 
device without a deep well or extended barrier generated 4.96 mW 
maximum power with 26.2% efficiency at 10 GHz and V ~ / =  .10 V, 
compared to 97.9/zW and 3.32% efficiency with V,j  = 14.0 mV us- 
ing the small-signal equivalent circuit. Note however that the power 
falls off faster with frequency than is the case for the small-signal 
result of Fig. 2b. This is because the device negative conductance 
is smaller in magnitude for the larger Vrf, so that from Eq. 3 the 
capacitive term becomes dominant at a lower frequency. Comparing 
the rf power curves at 1 THz, it is seen that the power levels for the 
two cases become comparable. This behavior may also be predicted 
from Eq. 7, where it is shown that the magnitude of V,f becomes 
less important at very high frequencies. 
Fig. 7b shows the quasi-static calculation for the deep-well struc- 
ture of Fig. 3 where resonance is via the first excited state in the 
well. For this case 9.76 mW maximum power and 20.2% efficiency 
were obtained at 10 GI-Iz with V,f = .14 V, compared to 257 t,W 
at 2.96% efficiency with V,f  = 22.7 mV for the small-signal cal- 
culation. Again, the large-signal power results fall off faster with 
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frequency than the curve of Fig. 4b due to the reduced negative 
conductance. At 1 THz, the large-signal power is less than twice the 
power obtainable using the small-signal analysis. 
Fig. 7c shows the large-signal results for the structure of Fig. 
5, with the 300~ extended barrier. In this case 129 mW maximum 
power at 19.1% efficiency was obtained at 10 GHz with V~f = .51 
V, compared to 4.11 mW at 3.24% efficiency with V,f  = 90.7 mV 
for the small-signal calculation. At 1 THz, the power obtained from 
the quasi-static calculation is again comparable to the small-signal 
result. 
4 C a l c u l a t i o n s  f rom E x p e r i m e n t a l  Re-  
sul ts  and  the  T h o m a s - F e r m i  M o d e l  
Experimental dc I-V curves obtained for devices with a 44~, 
In.53Ga.4rAs well surrounded by 23.7~ AlAs barriers are presented 
in Fig. 8. These devices were grown on n + InP substrates, with 
In.53Ga.4rAs contact layers si-doped to 2 x 101Scm -3 and with 50~ 
undoped In.s3Ga.4rAs spacer layers adjacent to the barriers. The 
peak-to-valley ratios obtained for these devices were 23.9 at room 
temperature in Fig. 8a and 51.3 at 77 K in 8b, believed to be 
the highest ever reported for this material system. Shown in Fig. 
8c is a theoretical I-V curve calculated using a Thomas-Fermi self- 
consistent method in conjunction with a quantum mechanical eigen- 
state analysis. In the Thomas-Fermi method, it is assumed that 
the regions to the left and right of the double-barrier structure are 
in local equilibrium (constant Fermi level) and electron concentra- 
tions are calculated using Fermi-Dirac statistics. Poisson's equation 
is solved using these concentrations to obtain the conduction band 
profile. For the calculations presented here, charge in the well was ig- 
nored so that constant electric field in this region was assumed. The 
height of the AlAs barriers was assumed to be 1.2 eV. Fig. 8d shows 
a dc solution at the peak current point of 8c using this method. In 
this figure the electron concentration calculated from the Thomas- 
Fermi method outside the double-barrier structure is shown as a 
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solid curve, while the electron concentration in the structure calcu- 
lated from the quantum mechanical eigenstate analysis is shown as 
a dashed curve. It is seen that this method results in a discontinuity 
in concentration profiles at the boundaries. 
From Fig. 8c, it is seen that  the theoretical peak current density 
is 0.928 x 104A/cm 2, whereas the experimental peak current density 
from Fig. 8a is 1.5 x 104A/cm 2. The theoretical peak current den- 
sity is lower due to the assumption in the program that the effective 
mass assumes a higher value of .15 m0 within the entire 23.7,~ AlAs 
barrier region, compared to .042 m0 in the contacts and well. In fact, 
electrons entering the barrier regions require a finite distance before 
this effective mass value can be exhibited. Reducing the effective 
mass discontinuity results in a higher calculated peak current den- 
sity. However, in practice it is difficult to determine an appropriate 
effective mass vs. distance profile to use. 
Fig. 9a shows the large-signal rf power predicted based on the 
theoretical I-V curve of Fig. 8c, and 9b shows the large-signal cal- 
culation using the experimental I-V curve of Fig. 8a. In these calcu- 
lations, the depletion width was estimated based on a calculation of 
the incremental device capacitance using the Thomas-Fermi method. 
For this case, D = 267.2,~ was used. As expected, the high-frequency 
performance of this device is severely degraded due to the low value 
of peak current density. Therefore an important issue for these de- 
vices is to find methods of improving the current density without 
significantly compromising the peak-to-valley ratio. 
In order to increase the current density for this device while main- 
taining a reasonable peak-to-valley ratio, the barrier heights may be 
lowered. A series of I-V curve calculations was carried out with 
the barrier heights as parameters. It was found that an opt imum 
configuration (using the Jp/C criterion ) was a slightly asymmetric 
structure with one barrier height equal to .53 eV and the other .6 eV. 
These barrier heights may be realized by forming the barriers from 
In~All_,As and adjusting the In concentration. Fig. 10a shows a 
Thomas-Fermi self-consistent solution at the peak current point for 
the improved structure. The theoretical I-V curve in 10b shows that 
peak current densities of 8.6 x 10SA/cm 2 are predicted, with a peak- 
to-valley ratio of 18.2. The peak current is high since the barriers 
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for this structure are very thin. The quasi-static power calculation 
for this device is shown in Fig. 10c. The performance is significantly 
improved due to the increased current density. 
Table 2 summarizes the results obtained for rf power using the 
quasi-static analysis. The highest power at high frequencies is ob- 
tained for the asymmetric-barrier structure with 50/~ spacer layers of 
Fig. 10, for which the peak current density is also the highest. The 
second highest power is obtained for the stepped-barrier structure 
of Fig. 5. Note in all cases that the Jp/C ratio is a good indication 
of relative power output at high frequencies. 
5 Conclusions 
It has been shown that an important figure of merit for high-frequency 
power generation by resonant-tunneling diodes is the ratio of peak 
current density to device capacitance. Methods for increasing peak 
current and reducing capacitance have been proposed, including 
second-level resonance, barrier height optimization and incorpora- 
tion of an extended barrier or i-layer. Several milliwatts of power 
are predicted theoretically for optimized devices up to 1 THz. 
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Table 1: Summary of rf power obtained at 10 GHz and 1 THz from 
the smali-siguai analysis method, together with Jp/C ratio. 
Structure(Fig.No.) I P(IOGHz)(mW) [ P(1THz)(mW) ] JP/C( 1On V/sec) 
1 [ .0979 [ .044 . 1.72 
3 .257 .1789 3,39 
5 , 4.11 2.11 11.4 
Table 2: Summary of rf power obtained at 10 GHz and 1 THz from 
the quasi-static analysis, together with Jp/C ratio. Results from 
experimental curve labeled E. 
[Structure(Fig.No.) ! P(IOGHz)(m. W) I P(ITHz)(mW) I JP/C(IOU V/sec) 
I 4,96 ] .0705 1.72 
3 9,76 1 .265 3.39 
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Figure 2: (a) Smedl-signed admittance for the device of Fig. 1 with Vdc = 
.1615 V, and (b) estimated rf power (solid curve) for the case of 1 fl matching 
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Figure 4: (a) Small-signal admittance for the device of Fig. 3 with Va~ = 
.2877 V, and (b) estimated rf power (solid curve) for the case of 1 ~ matching 
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Fermi method with peak-to-valley ratio of 3119., and (d) dc solution at V~c 
= .54 V, the peak-current point. 
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Figure 9: Quasi-static calculation of power (solid) and device area (dashed) 
for the device of Fig. 8 using (a) theoretical I-V curve of 8c with Vd~ = .56 
V, V , / =  .24 V and (b) experimental I-V curve of 8a with Vdc = 1.17 V, V,/ 
= .44 V. 
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Fig .  10c 
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Figure 10: (a) Thomas-Fermi  solut ion at  peak current  for 44~  [n.sa(3a47As 
well - 23.7.!~ barrier  s t ruc ture  with V m  = .53 eV. Vs2 = .6 eV, (b) calculated 
I-V curve for this s t ruc ture ,  and  (,c) quasi-stat ic  caicuta.tion of rf power (solid) 
and device area (dashed)  for Vdc = ,5633 V, V , j  = .26 V. 
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